Introduction {#Sec1}
============

At the first stage of tooth development, odontogenic potential first appears in the presumptive dental epithelium which elicits the formation of a dental papilla in ectomesenchymal cells (reviewed by Mina and Kollar [@CR31]; Lumsden [@CR26]). The epithelial instructive information elicits odontogenic response from aggregates of non-dental stem cells (Ohazama et al. [@CR39]). Once the determination occurs, the mesenchyme acts instructively to induce enamel organ formation on the epithelium, and the inductive activity is effective even on epithelia with non-oral sources (Kollar and Baird [@CR20], [@CR21]; Hu et al. [@CR13]). These previous studies clearly demonstrated a series of reciprocal and sequential epithelial--mesenchymal interactions. The molecular mechanisms of the interactions have been extensively studied, and possible genes or factors are implied as candidates of signaling or acting (reviewed by Mass and Bei [@CR28]; Miletich and Sharpe [@CR30]; Thesleff [@CR45]).

The dental epithelium is derived from the oral epithelium and differentiates into four cell types: (1) inner enamel epithelium (differentiate into ameloblasts), (2) stratum intermedium, (3) stellate reticulum, and (4) outer enamel epithelium (Kawano et al. [@CR18]). Primary culture of dental epithelial cells has provided useful information, although it has inevitable heterogeneity and limited proliferation activity (Kukita et al. [@CR24]; DenBesten et al. [@CR4]; Matsumura et al. [@CR29]). Immortalized cell lines of the dental epithelium were established spontaneously or with retrovirus transfection (Chen et al. [@CR2]; DenBesten et al. [@CR3]; Kawano et al. [@CR18]; Nakata et al. [@CR37]). They are useful tools to investigate the mechanisms regulating the expression of specific genes such as *amelogenin* and *ameloblastin*. However, none of them were examined whether they were able to regenerate teeth.

We have reported the establishment of clonal cell lines from various tissues of *p53*-deficient mice (Hanazono et al. [@CR9], [@CR10]; Minakawa et al. [@CR32]; Tomooka and Aizawa [@CR46]; Hanazono et al. [@CR11]; Tanahashi et al. [@CR43]; Umezu et al. [@CR50]). Recently, we have established a method to prepare bioengineered tooth germ (Nakao et al. [@CR36]). Then, we have established clonal dental epithelial cell lines and demonstrated that they are able to regenerate teeth when incorporated into the bioengineered tooth germs prepared with dental mesenchymal tissues (Komine et al. [@CR22]).

In the present study, clonal cell lines were newly established from oral epithelium of *p53*-deficient fetuses at embryonic day 18. They were characterized and examined whether they are able to differentiate into ameloblasts and regenerate tooth structures when incorporated into the bioengineered tooth germs prepared with dental mesenchymal tissues

Materials and Methods {#Sec2}
=====================

**Animals.** *p53* mice (hybrid between C57BL/6 and CBA; Tsukada et al. [@CR49]), CD-1 mice (Charles River Japan, Yokohama, Japan), and C57BL/6 mice (CLEA Japan Inc., Tokyo, Japan) were maintained in the experimental animal facility of Tokyo University of Science. They were kept under a 12:12-h light--dark cycle at 22--24°C. Standard laboratory feed (MR standard, Nousan LTD, Yokohama, Japan) and tap water were given ad libitum. Mice care and handling conformed to the guidelines for animal research of the National Institutes of Health. The institutional Animal Care and Use Committee approved the experimental protocols.

**Cloning and cell culture.** Buccal mucosas between the upper and lower maxillae (not containing diastema) were dissected from *p53*-deficient mice on embryonic day 18 (E18). Tissues were washed several times with phosphate-buffered saline (PBS). The tissues were cut into small pieces with razor blades and treated with 1.2 U/ml dispase (Roche, Mannheim, Germany) at room temperature for 15 min. Epithelial fragments were separated from the lamina propria with forceps. After gentle trituration with a micropipette, epithelial cells were cultured on 100-mm tissue culture dishes (FALCON; Becton Dickinson Labware, Franklin Lakes, NJ). Cells were maintained at 37°C in a humidified incubator (95% air and 5% CO~2~). Culture medium was a 1:1 mixture of Dulbecco's modified Eagle's medium and Ham's nutrient F-12 (DMEM/F12; Sigma, Chemical Company, St. Louis, MO) containing heat-inactivated fetal calf serum at 10% (10%FCS, *v*/*v*; HyClone, Logan, UT), supplemented with penicillin (31 µg/ml, Sigma), streptomycin (50 µg/ml, Sigma), transferrin (T; 10 µg/ml, Sigma), insulin (I; 10 µg/ml, Sigma), and cholera toxin (C; 10 ng/ml, Sigma). Cloning was done by limited dilution as described previously (Umezu et al. [@CR50]). Many clonal cell lines were established, and eight lines with a distinct morphology were analyzed in detail in the present study. They were named foec (fetal oral epithelial cell) -1 to -8. They were passaged at 1/20 in 60-mm dishes.

**Immunocytochemistry.** Immunocytochemistry was done as described previously (Komine et al. [@CR22]). In brief, cells were fixed in 95% ethanol containing 1% acetic acid or 4% formaldehyde and washed with PBS containing 0.05% Tween 20 (Sigma; PBS-T). They were incubated with primary antibodies overnight at 4°C. The primary antibodies used were anti-cytokeratin 18 (CK18; Progen Biotechnik GmbH, Heidelberg, Germany), anti-vimentin (Progen), anti-cytokeratin 10 (CK10) (1/10; Progen), anti-cytokeratin 13 (CK13; 1/10; Progen), anti-cytokeratin 14 (CK14) (1/100; Serotec, Oxford, UK), and anti-p63 (AB-1, 1/100; Calbiochem, Damstadt, Germany) antibodies. After several washes with PBS-T, cells were incubated with fluorescein isothiocyanate (FITC)-conjugated anti-mouse IgG serum (MP Biomedicals, Cleveland, OH) for 1.5 h at room temperature (RT). Negative controls were incubated without primary antibodies.

**Immunoblot analysis.** When cells became confluent in 100-mm dishes, medium was removed and cells were washed several times with PBS. Then, 120 µl of sample buffer (62.5 mM Tris--HCl, pH 6.8) containing 10% glycerol (Wako Pure Chemical Industries, Ltd., Osaka, Japan) 2% sodium dodecyl sulfate (SDS; Wako) 5% 2-mercaptoethanol (Wako), and 0.5 mM phenylmethane sulfonyl fluoride (Sigma) was added to the dishes. Cells were collected with a cell lifter at 4°C. After sonication and centrifugation, the supernatant was boiled for 10 min at 95°C and stored at −80°C until analysis. Protein concentrations of these samples were determined with Micro BCA Protein Assay Reagent Kit (Pierce Chemical Co. Rockford, IL) according to the manufacturer's instruction. Samples containing 50 µg protein were electrophoresed on 10% SDS-polyacrylamide gels and transferred to polyvinylidine difluoride membranes (Immobilon-P; Millipore, Bedford, MA) for 90 min at RT using a transblot semidry transfer cell. Nonspecific binding was blocked by incubation with 20 mM Tris-buffered saline (pH 7.6) containing 0.05% Tween 20 (TBS-T) in 10% skimmed milk overnight at 4°C. Membranes were incubated with primary antibodies for 1--2 h at RT. The primary antibodies used were anti-CK18, anti-CK14 (1/10), and anti-vimentin mouse monoclonal antibodies diluted with TBS-T containing 5% skimmed milk (TBS-T-SM). After several washes with TBS-T-SM, the membranes were incubated with horseradish peroxidase-conjugated antibodies (1/5000; MP Biomedicals) for 1 h at RT. They were washed with TBS-T-SM twice for 10 min and rinsed with TBS-T once. Membrane-bound antibodies were detected by chemiluminescence with ECL Western Blotting Detection Reagents (Amersham Biosciences, Buckinghamshre, UK) according to the manufacture's instruction and exposed to X-ray film (Amersham Biosciences).

**RT-PCR.** Total RNA was extracted using SV Total RNA Isolation System (Promega, Madison, WI) from epithelial cell lines, adult and fetal brains (CD-1 mouse), incisor epithelia (C57BL/6 mouse) and a dental epithelial cell line emtg-3 (Komine et al. [@CR22]). About 5 or 1 µg of total RNA was used for the generation of first-strand cDNA using First-Strand cDNA Synthesis Kit (Amersham Biosciences) according to manufacturer's instructions. cDNA was used as template for PCR for each gene; CD71, β1-integrin, β4-integrin, α6-integrin, amelogenin, ameloblastin, Msx2, p75NGFR, mBD1, PlexinA1--4, and GAPDH (Table [1](#Tab1){ref-type="table"}). PCR conditions were 35 cycles of 94°C for 1 min, 56°C for 1 min, 72°C for 1 min (CD71, β 1-integrin, β 4-integrin, α6-integrin, p75NGFR, GAPDH; Table [1](#Tab1){ref-type="table"}), 30 cycles of 94°C for 1 min, 56°C for 1 min, 72°C for 1 min (mBD1, amelogenin, p75NGFR), 30 cycles of 94°C for 30 s, 56°C for 30 s, 72°C for 1 min (ameloblastin), 35 cycles of 94°C for 1 min, 60°C for 1 min, 72°C for 1 min (ameloblastin), and 30 cycles of 94°C for 30 s, 57°C for 30 s, 72°C for 1 min (PlexinA1--4). The amplified products were analyzed by electrophoresis in 2.0% (amelogenin), 1.5% (CD71, β1-integrin, β4-integrin, α6-integrin, PlexinA1--4), or 1.0% (mBD1, ameloblastin, Msx2, p75NGFR, GAPDH) agarose gel containing ethidium bromide. Table 1.Sequences of primers for RT-PCRGenesForward primerReverse primerProduct size (bp)CD71atcaagccagatcagcattcagcctcacgaggagtgtatg472*β*1-integrintggcaacaatgaagctatcgtgtgacctcagctgacaagg504*β*4-integrinacctggtgacctgtgagatgctaggagaggaggcaaggag501*α*6-integringctatgatgtggcagtggtgggcggaggtcaattctgtta504amelogeningaagccctggttatatcaacttaagcgctgccttatcatgctctggta75ameloblastinttgcaggaaggagagctgatcagtggagagccttctggac444Msx2gcgcaagttccgccagaaacagtagtgagaggaaagggggcatttgga549p7.5NGFRcagtggagagtgctgcaaagggaggacacgagtcctgagc295mBD1tgttggcattctcacaagtcaccgtgttctctgttccatt451PlexinA1tctggaggtacctggattggagggtccggtagtagagga531PlexinA2ccaagtcccaccagcactatacaggtgagggtggttgtgt464PlexinA3tgtcagtgctgaaaggatcgcattgatgatgctccaggtg446PlexinA4tggcattccagtcttcacagcacaggacaggcatgaattg737GAPDHaccacagtccatgccatcactccaccaccctgttgctgta452

**Culture on feeder layer.** Balb/c 3T3 cells were maintained in 10%FCS. After treatment with mytomycin C (Sigma) at 4 µg/ml for 2 h in DMEM without FCS, they were cultured 10%FCS for 24 h. Then, they were collected after trypsin-EDTA treatment and seeded on six-multiwell plates (FALCON) at a density of 2 × 10^4^ cells/well. Epithelial cells were seeded on the feeder layer at a density of 1 × 10^5^ cells/well and cultured in 10%FCS supplemented with I, T, C, 0.5 µg/ml hydrocortisone (Sigma), and 10 ng/ml EGF (Roche Diagnostics). After 7--14 d in culture, epithelial sheets were harvested and prepared for histology and immunohistochemistry.

**Three-dimensional co-culture with collagen gel.** Three-dimensional co-culture was prepared as described previously (Schoop et al. [@CR41]) with a slight modification. Eight volumes of ice-cold acidic collagen solution was mixed with one volume 10× Waymouth's medium and neutralized with 1 N NaOH at 4°C. Collagen was extracted from mouse tail tendons by a modified method (Tomooka et al. [@CR47]). One volume of 3D medium (see below) containing Balb/c 3T3 cells (5 × 10^6^ cells/ml) was added. The final solution (2.5 ml) was plated into cell culture inserts (polyethylene terephthalate, 3.0-µm pore size, FALCON) in 6-multiwell plates (FALCON). For polymerization, the mixture was incubated at 37°C for at least 30 min. Collagen lattices were cultured in 3D medium: DMEM/F12 containing 10%FCS supplemented with I, T, C, hydrocortisone, EGF, and 50 µg/ml ascorbic acid (Wako). On the following day, epithelial cells (1 × 10^6^ cells/well) were plated on the lattices and cultured in submerged state. Epithelial cells were pre-cultured in Defined Keratinocyte-SFM (Invitrogen Corp. Carlsbad, CA) for at least 1 wk. After another day, the inserts were raised to air--liquid interface. Three-dimensional medium was replaced every d. After 1--3 wk, the inserts were harvested and prepared for histology and immunohistochemistry.

**Histology and immunohistochemistry.** For histology, samples were fixed in 95% ethanol containing 1% acetic acid (CK13, CK14) or 4% formaldehyde (p63α, β1-integrin) at 4°C overnight and dehydrated and decalcified with 4.5% EDTA (pH 7.4) overnight at 4°C. They were embedded in paraffin and cut into 8-µm sections, or embedded in OCT compound (Sakura Finetek, Torrance, CA), and cut into 10-µm transversal frozen sections. Sections were stained with hematoxylin and eosin. Sections for immunohistochemistry were incubated with primary antibodies: p63 (H-129, 1/100; Santa Cruz Biotechnik, Heidelberg, Germany), anti- CK13 (1/20; American Research Products, Palos Verdes, CA), CK14 (1/100; Serotec), and β1-integrin (1/20, BD PharMingen, San Jose, CA) antibodies. After several washes with PBS-T, sections were incubated with FITC-conjugated anti-mouse IgG serum (1/200; MP Biomedicals), Cy3-conjugated anti-rabbit IgG serum (1/200; Jackson ImmunoResearch, West Grove, PA), or Cy3-conjugateed anti-rat IgG serum (1/200; Jackson ImmunoResearch) for 1.5 h at RT. Nuclei were stained with DAPI. In immunohistochemistry for CK13 and CK14, sections were digested for 1 min in 0.2× Trypsin EDTA (Sigma) and boiled for 10 min in 10 mmol/l citric acid, pH 6.0, in a microwave oven. Sections were processed for primary antibodies.

**Reconstruction of bioengineered tooth germs.** The procedure of tooth germ reconstruction was recently established by us (Nakao et al. [@CR36]). In brief, tooth germs were dissected from lower molars of CD-1 mouse embryos at E16.5 and incubated in PBS containing 1.2 U/ml dispase II (Roche) for 15 min at RT. Epithelial and mesenchymal fractions were separated with a fine needle. The mesenchymal fraction was divided into a first molar and a second molar with fine needles under a stereoscopic microscope. The first molar mesenchyme tissues were used for combination with oral epithelial cell lines or tooth epithelial cells. Epithelial fractions were treated with 100 U/ml collagenase type I (Worthington Biochemical Co. Lakewood, NJ) for 20 min at 37°C. After several washings with PBS, they were treated with 0.5× Trypsin-EDTA (Sigma) for 5 min at 37°C and dispersed. The tooth epithelial cells were centrifuged to make pellets. Cells of oral epithelial cell lines were detached from culture dishes with trypsin-EDTA and were centrifuged to make pellets. A part of the pellet containing approximately 1 × 10^5^ tooth epithelial cells (as positive control) or oral cell lines was put on a mesenchymal tissue in 30 µl Cell matrix type I-A (Nitta Gelatin Inc., Osaka, Japan) and incubated in a humidified atmosphere of 95% air and 5% CO~2~ at 37°C. On the following day, the collagen gel containing tissues was implanted under kidney capsule of CD-1 adult mice. Two cell lines (foec-2 and foec-5) were labeled with enhanced green fluorescent protein by transfection using Lipofectin^TM^ reagent (Invitrogen Corp). They were also used for germ reconstruction. Kidneys were harvested and prepared for histology and immunohistochemistry as described below. Germs prepared with only epithelial cells gave rise to a remnant mass of cells (data not shown).Kidneys were fixed in 4% formaldehyde at 4°C and decalcified with Morse's solution and dehydrated with graded alcohol. They were embedded in paraffin and cut into 8-µm sections. Kidneys with germs reconstructed with epithelial cells labeled with green fluorescent protein (GFP) were decalcified with 10% EDTA (pH 7.4) overnight at 4°C. Then, they were embedded in OCT compound and cut into 12-µm frozen sections. Sections were stained with hematoxylin and eosin or incubated with anti-amelogenin polyclonal antibody (1/200; Hokudo, Hokkaido, Japan) overnight at 4°C and with FITC-conjugated anti-rabbit IgG serum (1/200; CHEMICON International, Temecula, CA). Nuclei were stained with DAPI.

Results {#Sec3}
=======

**Morphology of clonal cell lines.** Eight clonal lines with a distinct morphology were characterized in the present study. At low density, foec-1, foec-2, and foec-4 cells were round in shape. foec-3, foec-5, foec-7, and foec-8 cells had elongated shape, and foec-6 cells had small processes. At high density, intercellular boundary became unclear in foec-1, foec-4, and foec-6 cells (Fig. [1](#Fig1){ref-type="fig"}). Figure 1Morphology of clonal cell lines. foec-1 cells (*a*), foec-2 cells (*b*), foec-3 cells (*c*), foec-4 cells (*d*), foec-5 cells (*e*), foec-6 cells (*f*), foec-7 cells (*g*), and foec-8 cells (*h*). They had a distinct morphology when cultured on plastic dish in 10%FCS supplemented with transferrin, insulin, and cholera toxin. *Inserts* were at high density. *Bar*, 50 µm.

**Marker expression in cell lines.** Marker expression was analyzed in all cell lines with immunocytochemistry and Western blotting. The results are shown in Fig. [2](#Fig2){ref-type="fig"} and summarized in Table [2](#Tab2){ref-type="table"}. All cell lines were immunoreactive for an epithelial cell marker CK14, but not for a fibroblast marker vimentin (Fig. [2](#Fig2){ref-type="fig"}*B*). CK13, a differentiation marker of non-keratinized epithelia, was undetected (*3* in Fig. [2](#Fig2){ref-type="fig"}*A*). CK18, a marker of simple epithelia, was immunocytochemically undetected (*5* in Fig. [2](#Fig2){ref-type="fig"}*A*) or weakly detected in some cells of foec-7 and -8 lines (data not shown). In Western blotting, CK18 was weakly detected in only foec-7 line (Fig. [2](#Fig2){ref-type="fig"}*B*). CK10 was not detectable in any of cell lines (*2* in Fig. [2](#Fig2){ref-type="fig"}*A*). p63 protein was detected in all cell lines (*6* in Fig. [2](#Fig2){ref-type="fig"}*A*). Some cells of foec-7 and -8 lines were negative for p63 (data not shown). Figure 2Immunochemical analyses of foec lines. Immunocytochemistry of epithelial and mesenchymal marker proteins in foec-2 line (*A*). Vimentin (*1*), CK10 (*2*), CK13 (*3*), and CK18 (*5*) were not detected. CK14 (*4*) and p63 (*6*) were detected. Nuclei were stained with DAPI in (*6*). *Bar*, 100 µm. Western blotting (*B*) detected CK14 in all lines. CK18 was weakly detected only in foec-7 line. Vimentin was not detected in any lines. Tongue was used as control.Table 2.Summary of immunocytochemistry and Western blotting of marker expressionImmunocytochemistryWestern blottingCell lineVCK10CK13CK14CK18p63VCK14CK18foec-1−−−+−+−+−foec-2−−−+−+−+−foec-3−−−+−+−+−foec-4−−−+−+−+−foec-5−−−+−+−+−foec-6−−−+−+−+−foec-7−−−++/−+/−−++foec-8−−−++/−+/−−+−RT-PCR analysis was performed on six cell lines (foec-2, 3, 5, 6, 7, and 8) to investigate gene expression of various epithelial markers (Fig. [3](#Fig3){ref-type="fig"}). There were no differences in the expression pattern of undifferentiated epithelial markers (*CD71*, β*1-integrin*, β*4-integrin*, α*6-integrin*) among cell lines (Fig. [3](#Fig3){ref-type="fig"}*A*). RT-PCR analysis was also conducted on the six cell lines on genes specifically expressed in oral or dental epithelium (Fig. [3](#Fig3){ref-type="fig"}*B*). *mBD1* specifically expressed in the mucosal epithelium was detected in oral epithelial cell lines except for foec-5 line. *Amelogenin* and *ameloblastin*, ameloblast-specific marker genes, were undetected in any of cell lines. *Msx2* was detected in ameloblasts prepared from incisors and some of oral epithelial cell lines. *p75NGFR* was detected in all cell lines. Figure 3RT-PCR analyses of gene expression. Expressions of undifferentiated epithelial marker genes (*A*) were observed in all lines examined. emtg-3 line is a dental epithelial line. Oral epithelium (E18) was used as control. Expression of tissue-specific epithelial marker genes was examined (*B*). *mBD1*, a mucosal epithelium-specific gene, was detected in foec-2, -3, -6, -7, and -8 lines, but not in foec-5 and ameloblasts prepared from incisors. Ameloblast-specific genes (*amelogenin* and *ameloblastin*) were undetected in any of oral cell lines. *Plexin* expression was examined (*C*). *Plxna1* was detected in all cell lines. *Plxna2* and *plxna3* were undetected in emtg-3. *Plxna4* was undetected in any cell lines. Control was prepared from fetal and adult brains.RT-PCR analysis was conducted on the six cell lines on plexin expression (Fig. [3](#Fig3){ref-type="fig"}*C*). Different patterns of plexin expression are reported between tooth germ and oral epithelium at embryonic stage (Perälä et al. [@CR40]). *Plxna1* was detected in all oral cell lines and a dental epithelial cell line emtg-3. *Plxna2* and *plxna3* were detected in all oral epithelial cell lines, but not in emtg-3. *Plxna4* was undetected in any cell lines examined. Control was prepared from adult brains (*Plxna1*, *2*, and *4*) and fetal brains (*Plxna3*).

**Induction of stratified oral epithelium.** Oral mucosa (E18.5) are stratified and express CK14 at the basal layer and CK13 at the superficial layer. p63 is strongly expressed at the basal cells on the β1-integrin positive basement membrane (Fig. [4](#Fig4){ref-type="fig"}). The question was addressed whether the six cell lines are able to differentiate into stratified oral epithelium. Stratified epithelia with two to three cell layers were formed when foec-5 cells were cultured on feeder layer (Fig. [5](#Fig5){ref-type="fig"}*a*). CK13, a differentiation marker, was detected at the surface of the epithelia (Fig. [5](#Fig5){ref-type="fig"}*b*), and CK14 was detected in all cell layers (Fig. [5](#Fig5){ref-type="fig"}*c*). p63 protein, an epithelial stem cell marker, was detected in cuboidal cells at the basal layer (Fig. [5](#Fig5){ref-type="fig"}*d*). The same results were observed on the other five cell lines (data not shown). Figure 4Immunohistochemistry of fetal oral mucosa (E18.5). The basal layer of stratified epithelia was positive for CK14 (1). CK13 was detected in stratified epithelia except the basal layer (*2*). p63 was strongly detected at the basal layer and immunoreactivity became weaker toward to the surface (*3*). β1-integrin was detected at the basement membrane along the dotted line (*4*). (*5*) was H-E staining. *OC* oral cavity, *OE* oral epithelium, *t* tongue. *Bar*, 50 μm.Figure 5Reconstructed oral epithelia on feeder layer. foec-5 line formed epithelia with 2-3 cell layers (*a*, H--E staining). CK13 was detected only in cells at the surface (*b*). CK14 was detected in all cells (*c*). p63 protein was detected in cuboidal cells at the basal layer (*d*). Nuclei were stained with DAPI. *Bar*, 20 µm.Oral epithelial cells were cultured on collagen gel containing Balb/c 3T3 cells (Fig. [6](#Fig6){ref-type="fig"}). foec-8 and foec-6 cells formed stratified epithelia (Fig. [6](#Fig6){ref-type="fig"}*a*, *e*). Cells were cuboidal at the basal layer, and cell shape became flat at the upper layers toward the surface as seen in the adult oral epithelium. CK13 was detected in superficial layers (Fig. [6](#Fig6){ref-type="fig"}*b*, *f*). CK14 was detected in all cell layers (Fig. [6](#Fig6){ref-type="fig"}*c*, *g*), and β1-integrin was detected in basal cells (Fig. [6](#Fig6){ref-type="fig"}*d*, *h*). The same results were observed on the other four cell lines (data not shown). Figure 6Reconstructed oral epithelia on collagen gel. *Top panel* is of foec-8 line and *bottom panel* is of foec-6 line. Cells were cuboidal at the basal layer, and cell shape became flat toward the surface (*a*, *e* H--E staining). CK13 was strongly detected in surface layers of foec-8 (*b*) and foec-6 lines (*f*). CK14 was detected in all cells in layers of foec-8 (*c*) and foec-6 (*g*) lines. β1-integrin was strongly expressed in basal cells of foec-8 (*d*) and foec-6 (*h*) lines. Nuclei were stained with DAPI. *Bar*, 50 µm.

**Regeneration of tooth.** The question was addressed whether oral epithelial cell lines are able to regenerate tooth. Tooth germs were reconstructed with the six cell lines (foec-2, -3, -5, -6, -7, and -8 lines) and fetal dental mesenchyme. They were implanted under kidney capsule for 2--3 wk. The bioengineered germs developed teeth with calcified structures as seen in natural tooth (*1* and *2* in Fig. [7](#Fig7){ref-type="fig"}). Ameloblasts were polarized and regularly lined up along with calcified enamel (*3* in Fig. [7](#Fig7){ref-type="fig"}). Amelogenin, an ameloblast-specific protein, was detected in these differentiated ameloblasts and residues of enamel (*4* and *5* in Fig. [7](#Fig7){ref-type="fig"}). All teeth had molar structure. As summarized in Table [3](#Tab3){ref-type="table"}, successful regeneration of teeth was varied among cell lines (20--43%). None of the germs prepared with foec-3 cells developed tooth. Such germs developed non-tooth tissues such as keratinized tissues (*6* in Fig. [7](#Fig7){ref-type="fig"}), osteogenic tissues (*7* in Fig. [7](#Fig7){ref-type="fig"}), and partial odontogenic or unidentified cell aggregations (data not shown). Figure 7Regenerated teeth with oral epithelial cell lines and dental mesenchyme. Calcified teeth were regenerated from germs prepared with dental mesenchyme and foec-7 (*1*) and foec-5 cells (*2*). A rectangle in (*2*) was enlarged in (*3*). Ameloblasts regularly lined up along with calcified tissue (*3*). Amelogenin was detected in differentiated ameloblasts and residues of enamel in a section near (*1*) (*4*). A rectangle in (*4*) was enlarged in (*5*). Keratinized tissues developed from germs prepared with dental mesenchyme and foec-2 cells (*6*). Osteogenic tissues developed from germs prepared with dental mesenchyme and foec-6 cells (*7*). *a* ameloblast, *d* dentin, *e* enamel, *k* kidney, *o* odontoblast, *p* dental pulp. *Black bar*, 200 µm; *white bar*, 50 µm.Table 3.Summary of regenerated structures from bioengineered dental germsSampleToothOthers^c^TotalNegative control^a^0 (0^d^)66Positive control^b^6 (86)17foec-23 (23)1013foec-30 (0)99foec-54 (33)812foec-62 (20)810foec-76 (43)814foec-83 (43)47^a^Dental germ without epithelial cells^b^Dental germ reconstructed with epithelia and mesenchyme prepared from fetuses^c^Bone or cornified tissues^d^Percent of tooth regenerationGerms were prepared with foec-2 and -5 cells labeled with GFP and transplanted under kidney capsule for 2--3 wk. GFP-expressing cells were found around the calcified tissue and differentiated into amelogenin-positive ameloblasts (Fig. [8](#Fig8){ref-type="fig"}). Figure 8Ameloblasts were differentiated from implanted oral epithelial cells. Tooth germs were prepared with mesenchyme and GFP-expressing foec-5 cells. GFP-expressing foec-5 cells were found around the calcified tissues and differentiated into amelogenin positive ameloblasts. (*1*) was a whole image of a regenerated tooth. (*2*) and (*3*) were immunohistochemistry of amelogenin at high magnification of areas in rectangles in (*1*). *a* ameloblast, *d* dentin, *e* enamel, *k* kidney, *p* dental pulp. *green* GFP, *red* amelogenin. *Bar*, 100 µm.

Discussion {#Sec4}
==========

**Characters of established cell lines.** A number of clonal cell lines were established from various kinds of tissues of *p53*-deficient mice (Hanazono et al. [@CR9], [@CR10]; Minakawa et al. [@CR32]; Tomooka and Aizawa [@CR46]; Hanazono et al. [@CR11]; Tanahashi et al. [@CR43]; Umezu et al. [@CR50]; Komine et al. [@CR22]). None of the cell lines had anchorage-independent growth or subcutaneous growth in nude mice, suggesting that they are not tumorigenic.Epithelial cells are known to express various subtypes of cytokeratin (CK), and the expression pattern is restrictively specific for each epithelium and position in the tissue. CK14 is expressed in stratified squamous epithelia in vivo and is also expressed in epithelial cells in primary culture (Byrne et al. [@CR1]; Koster et al. [@CR23]). All of the established cell lines in the present study expressed CK14, but not CK10 which is expressed in keratinized epithelia (Mackenzie et al. [@CR27]; Gao and Mackenzie [@CR8]). CK13 is expressed in differentiated epithelial cells of non-keratinized epithelia (Gao and Mackenzie [@CR8]; Feghali-Assaly et al. [@CR5]). CK13 expression was undetected when cells were cultured on plastic dish. CK13 became detectable in stratified layers as seen in oral mucosa. CK18 is expressed in the surface ectoderm prior to stratification and in simple epithelia of adult (Jackson et al. [@CR14]; reviewed by Moll et al. [@CR34]). CK18-positive cells were observed sporadically in foec-7 and -8 cells. The significance and mechanism is not known for the ectopical expression.*p63* is expressed in cells at the basal layer of stratified epithelia (Yang et al. [@CR51]) and considered as an epithelial stem cell marker. The p63 expression is supposed to be a trigger for stratification (Koster et al. [@CR23]). p63 protein was expressed in almost all cells of all cell lines.In the present study, multiple clonal lines with a distinct morphology were established. Such results were obtained in our previous studies of epithelia of uterus (Hanazono et al. [@CR9]), vagina (Tanahashi et al. [@CR43]), oviduct (Umezu et al. [@CR50]), and tooth germ (Komine et al. [@CR22]). Multiple populations of epithelial cells with a distinct morphology were recognized in primary culture prior to cloning of these epithelia as well as oral epithelium in the present study (data not shown). The buccal region of the oral epithelium is non-keratinized stratified epithelium in which histological heterogeneity is not reported. Stratified epithelia such as epidermis have multiple types of cells at different stages of differentiation: stem cells at the basal layer, transit amplifying cells at the intermediate layer, and differentiated cells at surface layer (Jones et al. [@CR15]; Tani et al. [@CR44]). The transit amplifying cells were thought to be restricted in proliferation, but it was shown that transit amplifying cells are also mitotic as well as stem cells (Li et al. [@CR25]), suggesting the possibility that cell lines could be established from transit amplifying cells in stratified epithelia of *p53*-deficient mice. Non-stratified epithelia lack such transit amplifying cells, although multiple epithelial cell lines with a distinct morphology were established from uterine and oviduct epithelia (Hanazono et al. [@CR9]; Umezu et al. [@CR50]). Taken together, it is possible that heterogeneity or chimerism is of nature in the oral epithelium and not the results of continuous proliferation in culture or lack of *p53*.β-defensins are cationic antimicrobial peptides and contribute to protect mucosal surface (Miyasaki et al. [@CR33]). Mouse *β-defensin 1* (*mBD1*) was used as a specific marker of oral epithelial cells. *mBD1* expression was detected in all epithelial lines except for foec-5 line. *Plexins* were used as stage-dependent specific markers. Plexins are large transmembrane proteins and are receptors for semaphorins. Recently, it is reported that plexins play roles in the morphogenesis of various non-neuronal tissues (Kagoshima et al. [@CR16]; Fujii et al. [@CR6]; Toyofuku et al. [@CR48]). Different expression patterns of plexin are observed in mouse tooth germ and oral epithelium at embryonic stage (Perälä et al. [@CR40]). The present study also confirmed such specific expression of plexin in epithelial cell lines established from the oral epithelium. Taken together, cell lines established in the present study are derived from the oral epithelium

**Induction of stratified oral epithelium.** The question whether established cell lines are able to form stratified oral epithelium was addressed in two methods: culturing on feeder layer (O'Connor et al. [@CR38]; Gallico et al. [@CR7]) and on collagen matrix. All cell lines examined formed stratified epithelia in these methods. A differentiation marker of non-keratinized epithelium and a stem cell marker were detected as seen in fetal oral mucosa, although the expression patterns of differentiation markers in some reconstructed epithelia were slightly different from those observed in vivo. In heterotypic combination, mesenchyme induces weak or incomplete changes in cytokeratin expression of epithelial cells (Schweizer et al. [@CR42]; Kautsky et al. [@CR17]). In the present study, Balb/c 3T3 cells were used, and they might have some heterotypic effects on oral epithelial cells in marker expression.

**Regeneration of tooth.** The question was addressed whether oral epithelial cell lines when incorporated in dental germs are able to differentiate into ameloblasts and regenerate tooth. Dental germs were reconstructed with epithelial cell lines and fetal mesenchyme and incubated under kidney capsule. Calcified teeth developed from germs prepared with epithelial cells of five among six lines. All teeth took molar shape because the mesenchymal tissues in germs were obtained from molar germs (Kollar and Baird [@CR19]). Histological and immunohistochemical studies demonstrated that oral epithelial cell lines differentiated into ameloblasts, which was confirmed by labeling of implanted cells with GFP. Germs reconstructed with only mesenchymal cells developed bone, denying the possible contamination of reconstructed germs with dental epithelial cells.The oral cavity is formed by involution of the ectoderm, and some of the covering epithelial cells are committed to differentiate into dental lamina, resulting in the formation of the dental arch invaginating into underlining presumptive dental mesenchyme during the early development of the mandible. As discussed above, all of the clonal cell lines expressed oral epithelial markers and had no expressions of dental epithelial markers. They were established from the oral epithelium of embryos at E18. At this stage in mouse, the dental epithelia or ameloblast progenitors are almost segregated from the oral epithelium, which is committed to cover the oral surface. Recently, it has been shown that an oral epithelial sheet prepared in culture had odontogenic potential when examined with our method (Nakao et al. [@CR36]; Nakagawa et al. [@CR35]).Tissue recombinant method has been often used to study tissue interactions between epithelial and mesenchymal cells in organogenesis. Kollar and Baird ([@CR20], [@CR21]) reconstructed dental germs with fragments of dental mesenchyme and ectopic epithelium. Germs prepared with lip-furrow epithelium (E15--16) and foot epithelium (E14--15) developed calcified teeth after incubation in eye chamber. The studies suggest that the dental mesenchyme has inductive activity on ectopic epithelia as well as homologous epithelium. The present study confirmed such inductive activity of the mesenchyme on clonal cell lines newly established from the oral epithelium.Our method for tooth germ reconstruction gives rise to high efficiency of tooth regeneration (Nakao et al. [@CR36]). All cell lines established from dental epithelia regenerated teeth (100%; Komine et al. [@CR22]). In the present study, five among six cell lines examined regenerated teeth (83%). We have established cell lines from oral epithelia of a young adult mouse and examined them in the same regeneration assay. Two among eight lines regenerated teeth (25%; unpublished observations). The variation in successful regeneration rate is caused by supplements in culture medium for cell lines prior to germ formation (unpublished observations). Taken together, the following hypotheses are proposed: (1) responsible cells to the inductive activity of mesenchyme will chronologically reduce in number in oral epithelia or (2) plasticity of fate-determined cells (Horiuchi and Tomooka [@CR12]) will be chronologically reduced. Media used for culture prior to germ formation can be improved by the addition of some factors or by conditioning with mesenchymal cells. Culture methods such as floating, three-dimensional, or adoption of matrices will be examined. These technical improvements will elicit new patterns of gene expression, resulting in an increase of the responsibility to the inductive activity or the plasticity.The nature of the mesenchymal inductive activity is not known. The interaction between epithelia and mesenchyme is critical in morphogenesis at developmental stage. To investigate the inductive activity of dental mesenchyme, more than 100 clonal cell lines have been established from dental mesenchyme of a *p53*-deficient fetal mouse (data not shown). Currently, they have been under investigation.This is the first report on the establishment of oral epithelial cell lines which differentiate into stratified oral epithelium and into enamel secreting ameloblasts. These cell lines would be useful models in vitro to study oral development, mechanisms determining cell fate of oral epithelial cells, and regeneration of tooth.
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